We review the available near-and mid-infrared photometry for white dwarfs obtained from the Two Micron All-Sky Survey (2MASS) and by the Spitzer Space Telescope. Both data sets have recently been used to seek white dwarfs with infrared excesses due to the presence of unresolved companions or circumstellar disks, and also to derive the atmospheric parameters of cool white dwarfs. We first attempt to evaluate the reliability of the 2MASS photometry by comparing it with an independent set of published JHK CIT magnitudes for 160 cool white dwarf stars, and also by comparing the data with the predictions of detailed model atmosphere calculations. The possibility of using 2MASS to identify unresolved M dwarf companions or circumstellar disks is then discussed. We also revisit the analysis of 46 binary candidates from Wachter et al. using the synthetic flux method and confirm the large near-infrared excesses in most objects. We perform a similar analysis by fitting Spitzer 4.5 and 8 µm photometric observations of white dwarfs with our grid of model atmospheres, and demonstrate the reliability of both the Spitzer data and the theoretical calculations up to 8 µm. Finally, we search for massive disks resulting from the merger of two white dwarfs in a 2MASS sample composed of 57 massive degenerates, and show that massive disks are uncommon in such stars.
INTRODUCTION
With the recent All-Sky Data Release of the Two Micron All-Sky Survey 1 (2MASS), we are now able to retrieve near-infrared (NIR) J, H, and K S magnitudes for more than a thousand white dwarfs that fall within the 2MASS detection limit. This database was used in several studies aimed at identifying new cool white dwarfs (e.g., de La Fuente Marcos et al. 2005) or circumstellar disks (Kilic et al. 2006a ) and seeking binary candidates (Wachter et al. 2003; Holberg et al. 2005; Debes et al. 2005) . In the latter case, one of the main interests are the binary systems containing a main sequence star and a white dwarf. These systems might reveal important details about stellar populations and evolution. Different techniques have been used to seek these binary candidates. Until recently, most systematic searches were based on surveys of resolved common proper-motion binaries (Silvestri et al. 2002) , but new interest has emerged for identifying unresolved binaries. One of the reasons is that accretion from a previously unknown close companion could account for the high metal abundances observed in some white dwarfs. The preferred method for seeking unresolved binary candidates is to perform a photometric analysis. In the case where the companion is an M dwarf, the white dwarf star usually dominates the observed flux in the optical regions. Therefore, it is natural to look for an excess in the NIR, either photometrically or spectroscopically, where the contribution from the M dwarf becomes dominant (see Dobbie et al. 2005 , for a review).
Exploiting the 2MASS photometric data, different methods of analysis were used to identify NIR excesses. Wachter et al. (2003) used the second incremental 2MASS data release, which covers about 50% of the sky. The authors took the approach of a (J −H, H −K S ) two-color diagram for 795 white dwarfs recovered from the 2MASS survey. They identified 95 binary candidates, including 47 objects with prior evidence of binarity. They also suggested 15 additional tentative binary candidates. Wellhouse et al. (2005) used a similar two-color diagram approach with a sample of 51 magnetic white dwarfs as candidates for potential pre-cataclysmic variables. While they did not find any binary candidates, they identified 10 objects with peculiar colors associated with very low mass companions or debris. Holberg et al. (2005) used the final 2MASS All-Sky Data Release to study the 347 DA stars from the Palomar-Green Survey (Liebert et al. 2005) . Their technique relies on the spectroscopic determinations of effective temperature and surface gravity, which combined with the observed V magnitude, can be used to compare magnitudes predicted at J, H, and K S with those available in the 2MASS Point-Source Catalog (PSC). The same technique had been used before by Zuckerman & Becklin (1992) and Green et al. (2000) but with in-dependent NIR photometric data sets. The disadvantage of this technique is that reliable atmospheric parameters and V magnitudes must be available for each star.
As the low-mass main-sequence companion gets cooler -typical of late-type M or L dwarfs -only a mild NIR excess is observed. The NIR excesses expected from circumstellar dust disks and planets around white dwarfs could be even less significant. Zuckerman & Becklin (1987) were the first to identify such a system for the 0.7 M ⊙ DAZ star G29-38 (2326+049), also a ZZ Ceti pulsator. More recently, Kilic et al. (2005) and Becklin et al. (2005) went through a detailed analysis of GD 362 (1729+371), a massive DAZ star with unusually high metal abundances, some nearly solar (Gianninas et al. 2004 ). For both objects, there was a small but significant excess in the NIR that could be detected in the K band. However, it is from the large mid-infrared (MIR) excess (Reach et al. 2005; Becklin et al. 2005 ) that the disks could be confirmed. NIR spectroscopic observations and 2MASS data have also been used by Kilic et al. (2006a) to identify a third DAZ white dwarf, GD 56, that could harbor a circumstellar disk, although this object has yet to be observed in the MIR. Chary al. (1999) and Kilic et al. (2005 Kilic et al. ( , 2006a analyzed a dozen other DA and DAZ stars and found no evidence for similar circumstellar disks. Jura (2003) discussed possible scenarios and concluded that not all white dwarfs with heavy elements in their atmospheres possess a dust disk similar to that of G29-38. The current picture is that as much as 14% of the DAZ stars host a circumstellar disk (Kilic et al. 2006a ).
According to Livio et al. (2005) , disks and planets could also result from the merger of two white dwarfs. Hence, the high-mass tail of the white dwarf mass distribution (see, e.g., Liebert et al. 2005) would represent the most promising candidates to search for such disks or planets. Livio et al. suggest that a typical dust disk would have a mass and radius of M d ∼ 0.007 M ⊙ and R d ∼ 1 AU, respectively. This is much larger and massive than the disk proposed for G29-38 (Jura 2003) . Therefore, the predicted flux excess should be easily detected in the NIR (assuming a standard composition and geometry) and the 2MASS survey should provide a useful tool to further constrain the proposed model.
In addition to the 2MASS NIR photometry, there is a developing interest to observe white dwarfs at longer wavelengths in the MIR. The Spitzer Space Telescope IRAC 2 photometry and IRS infrared spectroscopy have been used in recent surveys of relatively bright, nearby white dwarfs to better constrain the atmospheric parameters of cool white dwarfs (Kilic et al. 2006b ) and to seek MIR excesses from disks (Reach et al. 2005; Hansen et al. 2006) . Since the contribution of a cold disk becomes dominant only in the MIR, the Spitzer data set is more sensitive to search for disks than the NIR 2MASS data set.
Before undertaking a more systematic search of white dwarf stars in binaries or of circumstellar disk systems using 2MASS or Spitzer data, it seems appropriate as a first step to evaluate properly the reliability of the infrared photometric data sets and the ability of current model atmospheres to reproduce the observations. We thus present in § 2 a comparison of 2MASS photometry with published JHK magnitudes on the CIT photometric system for 160 cool white dwarfs, and assess the limitations of the 2MASS survey. We then evaluate in § 3 the usefulness of the 2MASS photometric data for identifying binary candidates using various techniques, and discuss the implications of our results on several studies published in the literature. In § 4, we perform a similar analysis but using the Spitzer IRAC 4.5 and 8 µm photometry presented in Kilic et al. (2006b) . Finally in § 5, we analyze a sample of 57 white dwarfs with spectroscopic masses above 0.8 M ⊙ together with 2MASS photometry to search for disks around massive white dwarfs, such as those predicted by Livio et al. (2005) . Our conclusions follow in § 6.
COMPARISON OF CIT AND 2MASS PHOTOMETRY
Our photometric sample used to compare against the 2MASS data is drawn from the detailed photometric and spectroscopic analyses of Bergeron et al. (1997, hereafter BRL97) , Bergeron et al. (2001, hereafter BLR01) who obtained improved atmospheric parameters of cool white dwarfs from a comparison of optical BV RI and infrared JHK photometry with the predictions of model atmospheres appropriate for these stars. We selected from these studies 183 cool white dwarfs with infrared JHK magnitudes measured on the CIT photometric system (with the exception of 0704−508 that has no K measurement). This sample covers a range of effective temperatures between T eff ∼ 4000 K and 13,000 K, and all objects have been successfully fitted by BRL97 and BLR01 under the assumption of single stars (or double degenerates) with no evidence for any infrared excess that could be due to the presence of an unresolved low-mass main sequence star.
We searched the 2MASS PSC for all white dwarfs in our sample using the GATOR batch file tool and a 20 ′′ search window centered on a set of improved coordinates measured by J. B. Holberg (2005, private communication) . In most instances, multiple sources were found within the search window and we unambiguously identified each object by comparing the 2MASS atlas with the finding charts available from the online version of the Villanova White Dwarf Catalog 3 . We recovered the 2MASS J, H, and K S magnitudes for 160 stars from our initial CIT photometric sample of 183 objects. The remaining 23 objects were dropped from our analysis for the following reasons: 9 were too faint for the 2MASS survey, 11 were not properly resolved due to the presence of a nearby star, and 3 could not be unambiguously identified from the comparison of the 2MASS atlas and the published finding charts. Our final sample of 160 cool white dwarfs is presented in Table 1 where we provide the CIT and 2MASS magnitudes for each object. The uncertainties of the CIT magnitudes are 5% except where noted in Table 1 , and the 2MASS photometric uncertainties are given in parentheses (magnitudes with null uncertainties represent lower limits).
Since the two data sets rely on completely different photometric systems, we must keep in mind that there could be a possible offset between both systems. For instance, Carpenter (2001) have obtained an empirical color transformation (see their eqs. 12 to 15) based on a comparison of CIT and 2MASS photometry for 41 stars. However, since this transformation has been obtained in a broad general context and not specifically for cool white dwarfs, we first compare directly both photometric data sets without any transformation, and discuss the possible offsets in the present context. Figure 1 shows the differences in magnitudes between the infrared CIT and 2MASS photometric systems for the J, H, and K/K S filters for the white dwarfs from Table 1 . Note that the number of stars in each panel is different (159 in J, 157 in H, and 143 in K S ) since some stars have not been formally detected in one or more bands, and only lower limits are available. The size of the error bars in Figure 1 correspond to the combined quadratic uncertainties of both data sets, σ = (σ 2 2MASS + σ 2 CIT ) 1/2 . For both measurements to be compatible, the error bar must touch the horizontal dashed line in each panel of Figure  1 , which represents the mean magnitude difference between both data sets, as determined below.
We present in Table 2 a statistical comparison of both data sets for all three bands. The first three lines correspond to the full data set while the last three lines are restricted to 2MASS magnitudes that satisfy the level 1 requirements. The second column indicates the number of stars used for the comparison (to be included, the 2MASS magnitude must have a measurement error). The third and fourth columns represent respectively the mean and the standard deviation of the magnitude differences for each band. These mean values thus correspond to the zero point offsets between both photometric systems, and we therefore adopt the following transformation based on the most accurate subsample (level 1): J CIT = J 2MASS − 0.0083, H CIT = H 2MASS + 0.0094 and K CIT = K S 2MASS + 0.0133. We note that the offsets are typically five times smaller than the average 2MASS uncertainties -given in the fifth column of Table 2 , σ 2MASS -and these could as well be considered as zero for most practical purposes. We also note that since the effective wavelength of the 2MASS K S filter (2.169 µm) is slightly shorter than that of the CIT K filter (2.216 µm), the observed flux should be larger at K S than at K, and a larger positive offset is thus expected for this band, as is indeed observed in Table 2 .
If the uncertainties of both data sets have been properly evaluated, the average combined quadratic uncertainties, σ (last column of Table 2) , should be at least as large as the standard deviations of the magnitude differences (fourth column of Table 2 ). This is certainly the case for the level 1 subsample, a result that confirms the reliability of the 2MASS level 1 photometry. For the complete sample, however, the σ values are slightly below the standard deviations. If we assume that the CIT photometric uncertainties have been properly estimated, which is supported in BRL97 and BLR01 by the successful fits with white dwarf models, the 2MASS uncertainties might be slightly underestimated in the case of faint cool white dwarfs near the survey limit. Another way of interpreting these results is to note that in Figure 1 , the magnitudes are not compatible within the 1σ combined uncertainties for 34.6%, 30.6%, and 35.0% of the stars in the complete sample at the J, H and K bands, respectively. These correspond to the objects whose error bars do not cross the horizontal dashed lines. This occurs for level 1 and fainter objects as well. At a 3σ level, these numbers drop to 0.6%, 1.9% and 4.2%, respectively, which suggest that there are infrequent but large discrepancies at K S .
In Figure 2 , we compare (J − H, H − K/K S ) two-color diagrams for various data sets. In the upper panels, we compare the two-color diagrams for the 143 stars in common in both the CIT and the 2MASS samples that have been detected by 2MASS in all three bands. The 2MASS colors appear much more scattered than the CIT colors, and this simply reflects the larger uncertainties of the former data set. Indeed, if we restrict the sample to the 49 objects that satisfy the level 1 requirements, the scatter of the 2MASS diagram is greatly reduced, as shown in the bottom panels of Figure 2 . For this restricted sample, both CIT and 2MASS data appear to have a similar scatter, which is a confirmation of the comparable mean uncertainties. Since the 2MASS photometry has been used to infer the presence of unresolved white dwarf and low mass main sequence binaries, one needs to be cautious when interpreting data sets that include objects below the level 1 requirements.
For instance, we indicated by open circles in Figures 1 and 2 ten objects whose optical BV RI and infrared JHK photometry on the CIT system has been successfully fitted with single white dwarf models by BRL97 and BLR01. They cover a range in 2MASS J magnitudes from 13.5 to 17. Our best fits for these stars are displayed in Figure 3 . The fitting technique used here is described at length in BRL97. Briefly, the magnitudes on the CIT system in Table 1 are first transformed onto the Johnson-Glass system using the transformation equations given by Leggett (1992) . These magnitudes are then converted into observed fluxes using the method described by Holberg et al. (2006) for photon counting devices but using the transmission functions taken from Bessell et al. (1990) for the BV RI filters on the Johnson-Cousins photometric system, and from Bessell & Brett (1988) for the JHK filters on the Johnson-Glass system. The resulting energy distributions are then compared with those predicted from our model atmosphere calculations, properly averaged over the same filter bandpasses. The hydrogen-and helium-rich model atmospheres used in our analysis are similar to those described in BLR01 and references therein, except that for the hydrogen-rich models we are now making use of the more recent H 2 -H 2 collision-induced opacity calculations of Borysow et al. (2001) and the Hummer-Mihalas occupation probability formalism for all species in the plasma. We find that the differences in the fitted parameters are small compared to those derived by BLR01, however.
The effective temperature T eff , the solid angle π(R/D) 2 (with R the radius of the star and D its distance from Earth), and the atmospheric composition (H-or He-rich) are obtained through a χ 2 minimization technique, where the χ 2 value is taken as the sum over all bandpasses of the difference between observed and predicted fluxes, properly weighted by observational uncertainties. The trigonometric parallax measurement, when available, is used to constrain the surface gravity through the mass-radius relation for white dwarfs, otherwise a value of log g = 8.0 is assumed. In Figure 3 , the observed BV RIJHK fluxes are shown as error bars together with the monochromatic model fluxes (for clarity, we do not show the average model fluxes at each bandpass). The derived atmospheric parameters are given in each panel. As can be seen, the energy distributions for all objects can be successfully reproduced by assuming a single star model. Figure 3 are the 2MASS magnitudes converted into fluxes using the 2MASS zero points of Holberg et al. (2006) . We note that for 9 of the 10 objects, at least one of the fluxes at J, H, or K S is not compatible with the predicted fluxes within the 1σ 2MASS uncertainties. One exception is 0029−032, discussed later in § 3, for which the model spectrum matches the 2MASS photometry even better than the CIT photometry. We thus conclude this section by stating that while the 2MASS photometry is generally reliable, one should expect occasional discrepancies. In particular, the detailed fits (not shown here) to the energy distributions using the 2MASS photometry are of good quality for most stars in our sample.
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WHITE DWARFS AND LOW MASS MAIN SEQUENCE BINARIES FROM 2MASS
3.1. The Wachter et al. Analysis
One of the most immediate applications to a large data set of white dwarf NIR photometry such as 2MASS is to seek infrared excesses due to cooler companions that are otherwise invisible in the optical. Wachter et al. (2003) used a sample of 759 white dwarfs from the catalog of McCook & Sion (1999) and identified as many as 95 binary candidates and 15 tentative binary candidates based on the analysis of a (J − H, H − K S ) two-color diagram built from 2MASS photometry. They extracted JHK S magnitudes from the 2MASS second incremental data release. Their binary candidates were selected from the color criterion (J − H) > 0.4, defined by the dashed horizontal lines in our Figure 2 , while their 15 tentative binary candidates satisfy the criterion 0.2 < (H − K S ) < 0.5 and 0.1 < (J − H) < 0.4, defined by the dotted rectangles in Figure 2 . In the following, we use the 2MASS final data release to recover more precise and slightly different observed JHK S magnitudes than those reported by Wachter et al.
Using the same color criteria to study the 2MASS sample of presumably single cool white dwarfs presented in § 2, we find in the upper-right panel of Figure 2 several binary and tentative binary candidates in both regions defined by Wachter et al. (2003) . A comparison with the CIT photometry, however, reveals that this result can be readily explained in terms of the larger uncertainties of the 2MASS photometry since both regions are located 1 − 2σ away from the region occupied by single white dwarfs near the center of the figure. We find that 3.5% and 8.4% of our sample observed by 2MASS contaminate the binary candidate and tentative binary candidate regions, respectively. By comparison, we find that at least 12.5% of the white dwarfs in the complete sample of 759 objects of Wachter et al. are located in the binary candidate region 4 . This indicates that the color criterion defined to identify companions is certainly appropriate, but also that the contamination from faint objects with large uncertainties near the 2MASS detection threshold may be significant. Furthermore, our large contamination of the tentative binary candidate region suggests that this criterion is not stringent enough, and that the corresponding subsample identified by Wachter et al. (2003, Table 2 ) is mostly composed of single white dwarfs.
These conclusions are supported by the fact that one of the objects selected in the list of binary candidates (0102+210B) and four objects in the list of tentative binary candidates (0029−032, 0518+333, 0816+387, and 1247+550) 5 are all part of the single white dwarf sample described in § 2 and whose fits are displayed in Figure 3 . As can be seen, the CIT photometry for all objects is well reproduced with single star model atmospheres. For 0029−032, our fit is even better using the 2MASS photometry than the CIT data. For the other stars, the 2MASS energy distributions appear flatter than those inferred from the CIT photometry or the model spectra, a result that could be interpreted as a flux excess in the K band.
The Wellhouse et al. Analysis
Using a similar approach but with slightly different criteria, Wellhouse et al. (2005) sought companions to 51 magnetic white dwarfs as candidates for potential pre-cataclysmic variables. They proposed to split the (J − H, H − K S ) two-color diagram into four regions delimiting (I) single white dwarfs, (II) main sequence binary candidates, (III) white dwarfs with very low mass companions, and (IV) objects that may be contaminated by circumstellar material. These representative regions are divided according to previous findings by Wachter et al. (2003) as well as theoretical color simulations. While they did not find any convincing binary candidates (region II), Wellhouse et al. identified six objects with a possible very low mass companion (region III) and four white dwarf candidates with an excess at K S (region IV), which they interpreted as a signature of undetected planetary nebulae. This represents a total of 28.6% of their sample with formal uncertainties with a possible companion or a disk.
The four regions defined by Wellhouse et al. (2005) are reproduced here in the (J − H, H − K S ) two-color diagram shown in Figure 4 , together with our common sample of CIT and 2MASS data composed of presumably single white dwarfs. From this figure, we find that 21% of the white dwarfs in the 2MASS data set would be considered possible candidates for a companion or a disk, while the CIT data show little evidence for such infrared excesses. This strongly suggests that the sample of magnetic white dwarfs studied by Wellhouse et al. could be entirely consistent with single stars. In addition, we note that among the six objects located in region III of Figure 1 from Wellhouse et al. are some of the most intrinsically peculiar white dwarfs 6 : LHS 2229 (1008+290) has been reported by Schmidt et al. (1999) and it has the strongest C 2 -like features ever observed, LP 790-29 (1036−204) is the strongest magnetic DQ known, and GD 229 (2010+310) shows strong unidentified absorption features in the optical (Wesemael et al. 1993, Fig. 19 ). Therefore, region III seems to be populated with some of the most peculiar white dwarfs for which there is no reason to expect their NIR colors to overlap with those of normal white dwarfs. Similarly, if we restrict our analysis to the more accurate CIT data, there are three white dwarfs located in region III of our Figure 4 . Two of these identified in the figure are also peculiar: G240-72 (1748+708) shows a deep yellow sag in the 4400-6300Å region (Wesemael et al. 1993, Fig. 19) , and LP 701−29 (2251−070) is a heavily blanketed DZ star (Wesemael et al. 1993, Fig. 11 ).
We also note that all four objects in region IV of Wellhouse et al. (2005, Fig. 1 ) are very faint stars with 2MASS K S uncertainties in the range 0.16-0.27. As seen in our Figure  4 , we do expect single white dwarfs with large uncertainties to populate this particular region as well. Hence the location of the four objects identified by Wellhouse et al. in this particular region of the (J − H, H − K S ) two-color diagram is most naturally explained in terms of the low quality of the 2MASS data for these objects rather than the presence of planetary nebulae. We thus conclude that the identification of NIR excesses in the 2MASS PSC database requires more conservative criteria allowing for larger uncertainties in the photometric measurements below the level 1 requirements, or more accurate methods such as that presented in the following section.
The Synthetic Flux Method
Another technique for identifying binary candidates is to compare observed 2MASS fluxes directly with those predicted from model atmospheres (see. e.g., Holberg et al. 2005 Holberg et al. , 2006 . Effective temperatures and surface gravities are first obtained using the spectroscopic method developed by Bergeron et al. (1992) where high signal-to-noise spectroscopic observations of the hydrogen Balmer lines are fitted with synthetic models. The model flux is then normalized to the observed V magnitude to predict the observed fluxes at J, H, and K S using the 2MASS filter passbands from Cohen et al. (2003) and the zero points from Holberg et al. (2006) . Thus, only objects with known atmospheric parameters and V magnitudes can be used with this method. In what follows, we rely on the fitting technique and NLTE model atmospheres for DA stars described in Liebert et al. (2005) and references therein.
To illustrate the method, we selected all DA stars from Wachter et al. (2003) for which we had an optical spectrum and a published V magnitude. In Table 3 , we present our sample that includes 42 binary candidates and 5 tentative binary candidates from Tables 1 and 2 of Wachter et al. (2003) , respectively 7 . For each object, we give the atmospheric parameters (T eff and log g), the published V magnitude, and the predicted and observed 2MASS magnitudes at J, H, and K S . In some cases, the optical spectrum was significantly contaminated by the unresolved companion, and the uncertainties on the derived parameters are correspondingly larger; these are indicated by colons in Table 3 .
For most objects, a significant NIR excess is observed, with the 2MASS data being typically ∼2 magnitudes brighter than the values predicted from the model fits. In Figure  5 , we present typical results for ten objects selected from Table 3 . Here we show the observed 2MASS fluxes together with the predicted monochromatic fluxes calculated at the atmospheric parameters given in each panel. For 0023+388, 0034−211, 0131−163, and 0145−257, the companion can be unambiguously detected since the 2MASS fluxes are about a factor of 10 to 100 larger than the predicted fluxes. For 0145−221, only a mild NIR excess is observed and this object has indeed been identified as a WD+dL6/7 by Farihi et al. (2005) and Dobbie et al. (2005) . Two of the tentative binary candidates, 0710+741 and 2257+162, do indeed show a significant excess consistent with a very low mass companion. Farihi et al. (2005) have actually confirmed that 0710+741 is a WD+dM7. However, for 1434+289, 1639+153, and 2336−187, which are tentative binary candidates in Wachter et al. (2003), we do not observe any significant NIR excess and these objects are thus consistent with being single white dwarfs.
With the exception of these last three objects, the infrared excesses observed in Table  3 are consistent with unresolved low-mass main sequence M dwarfs physically associated with the white dwarfs (Farihi et al. 2006 ). Photometric observations of single M dwarfs by Leggett et al. (1996) show that the (J − V ) color index is in the range from ∼ 2 to 4, while single cool white dwarfs are expected to be in the range from −1 to 1. This explains why the contribution of the M dwarf can be dominant in the NIR but negligible in the optical. Many of the 44 remaining binary candidates in Table 3 have been discussed in the literature. For instance, Farihi et al. (2005) and Farihi et al. (2006, with HST) observed 28 candidates from this list and were able to resolve the red dwarf companion(s) for 17 objects. The NIR excesses were also confirmed by Farihi et al. (2005 Farihi et al. ( , 2006 using JHK photometric observations for the 11 remaining unresolved objects. The presence of a companion for 9 additional objects in Table 3 has been discussed at various degrees in the literature, while for the 7 remaining binary candidates (0812+478, 0915+201, 1037+512, 1108+325, 1339+346, 1610+383, and 2257+162), we confirm through the synthetic flux method a strong NIR excess consistent with the presence of low mass main-sequence companions.
We have seen that for a brown dwarf companion, the flux excess is not as important as for M dwarfs. In the case of the dL6/7 dwarf companion to 0145−221, the flux excess at K S is still significant at the 12σ level, however, according to Table 3 . There is only one known example of a companion with a possible later spectral type, the brown dwarf companion to 0137−349, discovered from radial velocity measurements by Maxted et al. (2006) , who also report a small excess at K S from 2MASS PSC data. Burleigh et al. (2006) also present a near-IR spectrum that confirms the slight K-band excess they attribute to a dL8 companion. We analyzed the 2MASS photometry of this object with the method described in this section, and assumed the effective temperature and surface gravity from Maxted et al. (2006) . We were able to match very well the predicted and observed 2MASS J magnitude within the uncertainties, and also identified a flux excess at K S at the 2.49σ level, which is barely significant, but still consistent with the presense of a disk or a companion. Therefore, the 2MASS survey is able to identify hot brown dwarf companions, but it becomes more difficult to confirm their presence for spectral types later than about dL7.
We end this section by asserting that methods based on comparisons of observed and predicted 2MASS fluxes (or magnitudes) represent an efficient way of identifying unresolved white dwarf and low-mass main sequence binaries down to late-type L dwarfs. Our analysis also reveals, however, that (J −H, H −K S ) two-color diagrams based on 2MASS data should be interpreted with caution, and that regions expected to contain unresolved binaries may be contaminated with single white dwarfs, especially when data below the level 1 requirements are considered.
INFRARED PHOTOMETRY FROM SPITZER
The Spitzer Space Telescope has been used to secure for the first time IRAC 4.5 and 8 µm photometric data for relatively bright, nearby white dwarfs (see, e.g., Hansen et al. 2006) . One of the main interests of these surveys is to look for infrared flux excesses due to the presence of circumstellar disks since it is expected that the cool disk would dominate the MIR flux. It is however necessary as a first step to evaluate the reliability of the Spitzer data set and the ability of the model atmospheres to reproduce the MIR fluxes. In such an effort, Kilic et al. (2006b) compared the Spitzer 4.5 and 8 µm photometric data of 18 cool and bright white dwarfs with the predictions of model atmospheres. They found that the four hydrogen atmosphere white dwarfs with T eff 6000 K show a slight flux depression at 8 µm, while one peculiar object, the so-called C 2 H star LHS 1126, suffers from a significant flux deficit at both 4.5 and 8 µm. For the warmer objects, the model fluxes seem to reproduce the Spitzer data perfectly.
In this section, we reanalyze 14 objects from the sample of Kilic et al. (2006b) for which optical BV RI photometry and infrared JHK photometry on the CIT system are available (all of these are already part of our cool white dwarf sample discussed in § 2). In an approach similar to that described in § 2 (see Fig. 3 ), we determine the atmospheric parameters for each star by fitting simultaneously the average fluxes for the nine photometric bands (BV RI, JHK/CIT, and Spitzer 4.5 and 8 µm). The synthetic fluxes in the MIR are obtained by integrating our model grid over the Spitzer IRAC spectral response curves while the observed fluxes are taken directly from Table 1 of Kilic et al. (2006b) . In contrast with the technique used by Kilic et al., we do not normalize the fluxes at any particular band, but consider instead the solid angle π(R/D) 2 a free parameter. Since our χ 2 value is taken as the sum over all bands of the difference between observed and model fluxes, properly weighted by the corresponding observational errors, our approach has the advantage of allowing for the full photometric uncertainties in the fitting procedure. Furthermore, instead of assuming log g = 8.0 for all objects, we constrain the log g value from the trigonometric parallax measurements, as described above.
In Figure 6 , we present our best fits on a logarithmic scale to the observed BV RI, JHK (CIT), and Spitzer photometry with the model average fluxes described above. We also plot the monochromatic fluxes for clarity; the case of LHS 1126 is discussed separately below. Another peculiar object, G240-72 (1748+708) already discussed near the end of § 3.2, shows a deep unidentified absorption in the optical (a yellow sag) and no satisfactory fit can be achieved for this star and it is thus left out of our analysis. For Ross 627 (1121+216), the 8 µm flux is not shown in Figure 6 since Kilic et al. (2006b) provides only an upper limit due to a possible contamination from a nearby star. Our final sample thus includes 12 stars with 23 Spitzer 4.5 and 8 µm flux measurements. For all cases shown in Figure 6 , the Spitzer fluxes are well reproduced by the synthetic models. To further strengthen this conclusion, we plot in Figure 7 the ratio of the observed to model fluxes at 4.5 and 8 µm as a function of the derived effective temperature for the 12 objects. The figure confirms the agreement between the observed Spitzer and model fluxes at all temperatures. In particular, we do not observe any significant flux deficit at low effective temperatures as suggested by Kilic et al. (2006b) . There are only 2 observations out of 23 for which the flux deficit is significant at the 1σ level, and both are in the 8 µm band. It thus seems premature to conclude from these results that there is any discrepancy between the observations and the predictions of model atmospheres with pure hydrogen compositions.
We mention in this context that the second coolest object in Figure 7 is the DA star BPM 4729 (0752−676) for which we obtain a perfect fit. This star has been studied extensively by BLR01, and more recently by Kowalski & Saumon (2006) using improved Lα profiles that include broadening by molecular hydrogen, and both atmospheric parameter determinations agree at the 1σ level under the assumption of pure hydrogen compositions. Hence for this well studied normal cool DA star, independent model atmospheres yield consistent atmospheric parameters that both match the observational data. In contrast, the two objects -LHS 1038 (0009+501) and G99-47 (0553+053) -with the small 8 µm flux discrepancies (bottom panel of Fig. 7) are magnetic white dwarfs. Both objects show 1σ discrepancies at J and also at B for G99-47. While this suggests that the inclusion of a magnetic field in the model atmosphere calculations could improve the fit, we believe that the discrepancies observed here are only barely significant and not systematic enough to make formal conclusions. Therefore, we argue that the results presented in this section demonstrate the reliability of both the Spitzer IRAC photometry and our model atmosphere grid up to 8 µm for studying cool white dwarfs. The consistency between models and data is critical for surveys seeking MIR infrared excesses from circumstellar disks. Our results indicate that the comparison of Spitzer fluxes with theoretical predictions could identify such MIR excesses with relatively high precision.
In an attempt to identify the nature of the discrepancy between our conclusions and those reached by Kilic et al. (2006b) , we have performed the same analysis as above but with the 2MASS JHK s magnitudes used by Kilic et al. ( instead of the CIT magnitudes used in this analysis). We have also tried to normalize our solutions at V , as done by Kilic et al. In all of our experiments, the results differ only slightly from those reported here, and our main conclusions thus remain the same. We are therefore unable to explain the differences between both studies. We can only emphasize that the analysis of Spitzer photometric data appears to be sensitive to the details of the fitting procedure.
Another white dwarf analyzed by Kilic et al. (2006b) is LHS 1126 (0038−226) whose energy distribution is characterized by a strong infrared flux deficiency at JHK interpreted by Bergeron et al. (1994) in terms of collision-induced absorption (CIA) by molecular hydrogen due to collisions with helium in a mixed hydrogen and helium atmosphere with N(H)/N(He) ∼ 0.01. We do confirm here the results shown in Figure 4 of Kilic et al. (2006b) where the Spitzer fluxes are significantly depressed with respect to the predictions of model atmospheres with mixed compositions. The main reason for this discrepancy is that the CIA opacity predicts a maximum absorption near the H 2 fundamental vibration frequency at ∼ 2.4µm, while the Spitzer fluxes are more consistent with a featureless energy distribution from 1 to 8 µm. This problem is surprisingly similar to that encountered in the so-called ultra-cool white dwarfs, and in particular in the case of LHS 3250 for which the H 2 -H 2 and H 2 -He CIA opacities predict absorption bands that are simply not observed in spectroscopy (Bergeron et al. 2002) . These results may indicate that the collision-induced opacity calculations need to be improved at the high densities encountered in cool white dwarf atmospheres.
CANDIDATE WHITE DWARFS WITH CIRCUMSTELLAR DISKS
The synthetic flux method based on a comparison of predicted and observed 2MASS fluxes (or magnitudes) was shown to be an efficient technique for detecting NIR excesses from unresolved companions ( § 3). However, the NIR excess in the JHK S bands expected from cool circumstellar disks or planets surrounding white dwarf stars can be extremely small if the flux is dominated by the white dwarf in this particular wavelength range. In this section, we use the results of the ongoing spectroscopic survey of Gianninas et al. (2006) together with the 2MASS PSC to search for massive disks resulting from the merger of two white dwarfs, as predicted by Livio et al. (2005) . In addition to the synthetic flux method described above, we also compare the observed and predicted (J − H) and (J − K S ) color indices since this method has the advantage of being independent of the normalization at V , which allows us to consider also objects with no published V magnitudes. Since circumstellar disks are expected to be much brighter at K S than in the other bands, we expect their color indices to be very different from those of single white dwarfs, and such objects should easily stand out in our analysis.
As discussed in the Introduction, white dwarfs resulting from mergers are expected to be found in the high-mass tail of the mass distribution. We thus selected all DA stars from the survey of Gianninas et al. (2006) with spectroscopic masses above 0.8 M ⊙ that were formally detected by 2MASS in at least two bands (usually the J and H bands), for a total of 57 objects. In Table 4 , we provide the effective temperature, the spectroscopic mass, the V magnitude (when available), as well as the predicted and observed 2MASS JHK S magnitudes for each object in our sample. The atmospheric parameters (T eff and log g) are obtained from fits to the Balmer lines using the NLTE model grid described in § 3, and the log g values are converted into mass using the evolutionary models of Wood (1995) with carbon-core compositions and thick hydrogen layers. The predicted fluxes are obtained from the synthetic flux method and are thus only given for objects with measured V magnitudes.
Five white dwarfs in Table 4 (0429+176, 0950+139, 1058−129, 1120+439, and 1711+668) show a large NIR flux excess that is not attributable to a circumstellar disk. The predicted spectra for these stars are shown in Figure 8 together with the observed 2MASS fluxes. We discuss each object in turn.
HZ 9 (0429+176) -This object is a WD+dM binary (Lanning et al. 1981) in common with the sample discussed in § 3.
PG 0950+139 -This star is in common with the sample discussed in § 3. The white dwarf is surrounded by a planetary nebulae (Ellis et al. 1984) and its optical spectrum exhibits emission lines (Liebert et al. 1989 ). According to Fulbright et al. (1993) , the low-density gas emission and the infrared excess are best explained by the presence of a low-mass companion.
PG 1058−129, PG 1120+439 -These two objects show a mild and unexplained infrared excess. In both cases, the only V magnitudes available are multichannel data from the Palomar-Green survey (Green et al. 1986 ). Since the observed energy slopes measured by color indices are in perfect agreement with those predicted by the models (see below), it is very likely that the V magnitudes for these stars are simply erroneous. We note that Green et al. (2000) also determined a 1-sigma significant excess at J for PG 1120+439. (Finley et al. 1997) . The predicted NIR flux from this white dwarf is too low to be detected by 2MASS. Thus only the dM star ∼ 2 ′′ away from the white dwarf is detected in the PSC.
RE J1711+664 (1711+668) -This white dwarf is a barely resolved visual pair
We exclude from our analysis the three objects with known companions, but we keep PG 1058−129 and PG 1120+439.
We compare in Figure 9 the observed and predicted (J − H) and (H − K S ) color indices as a function of H and K S , respectively, for the remaining 54 white dwarfs in our sample. An examination of these results indicate that all stars are consistent with the predicted white dwarf colors within 3σ uncertainties, both above and below the level 1 requirements. Two glaring exceptions are G1-7 (0033+016) and CBS 413 (1554+322), which are among the faintest objects in the bottom panel of Figure 9 (labeled 1 and 2, respectively). For G1-7, however, the color indices derived from the CIT photometry given in Table 1 are in excellent agreement with those predicted by the models. Also, CBS 413 has not been detected at H but it is unexpectedly bright at K S ! Since this object has no published V magnitude, it is not clear whether the J detection is indeed from the white dwarf, and thus whether the color excess at K S is even real. Therefore, we conclude from the results shown in Figure 9 that there is no strong evidence for H or K S excesses in this sample of massive white dwarfs, and for the presence of massive circumstellar disks around them.
For comparison, we also reproduce in Figure 9 the location of three white dwarfs with previously identified circumstellar disks: G29-38 (2326+049), GD 362 (1729+371) and GD 56 (0408−041). The atmospheric parameters for all three stars have been determined using our own spectroscopic observations, and the predicted 2MASS color indices have been estimated from the same method as above. For the metal-rich DAZ star GD 362, we use the more accurate atmospheric parameters of Gianninas et al. (2004) who took into account the presence of heavy elements in their model atmosphere calculations. Only GD 362 in our sample is a massive white dwarf with M = 1.24 M ⊙ , while we obtain M = 0.70 and 0.60 M ⊙ for G29-38 and GD 56, respectively. The disk around G29-38 was the first discovered and studied extensively in the MIR (Reach et al. 2005 ). The object is clearly identifiable in Figure 9 with (J − K S ) 2MASS − (J − K S ) pred = 0.52 ± 0.04, a ∼ 12σ result. The second object, GD 362, is a massive DAZ star for which Becklin et al. (2005) reported the discovery of an important flux excess at L ′ (3.76 µm) and N ′ (11.3 µm). Kilic et al. (2005) obtained a near infrared spectrum in the 0.8 − 2.5 µm range but found only a mild flux excess at K. Both studies concluded that the presence of a dust disk could account for the observations. Given that GD 362 is particularly faint (V = 16.3), only lower limits at H and K S are available in the 2MASS PSC. Instead, we use in Figure 9 the JHK S magnitudes measured by Becklin et al. (2005) . With these measurements, GD 362 exhibits a color excess of (J − K S ) obs − (J − K S ) pred = 0.22 ± 0.04, a 5σ result. Unfortunately, this photometric accuracy is only achieved in the 2MASS sample for J brighter than ∼ 14.1, and a color excess of the magnitude found in GD 362 cannot be easily uncovered in the majority of white dwarfs detected by 2MASS. For GD 56, Kilic et al. (2006a) reported a NIR excess in both the 2MASS data and in their own infrared spectroscopic observations. Unlike the two previous objects, GD 56 lacks the MIR observations that could confirm the presence of a disk. We recovered the 2MASS magnitudes from the PSC and determined a color excess of (J − K S ) 2MASS − (J − K S ) pred = 0.54 ± 0.19, a 2.9σ result, barely significant according to our 3σ criterion.
From the analysis of the three known white dwarfs with circumstellar disks, we conclude that the infrared excess from similar disks around white dwarfs would be significant only for bright level 1 2MASS objects. We argue that while the 2MASS PSC is indeed able to suggest the presence of a disk for fainter stars like GD 56, MIR photometric observations or more accurate NIR data would be required to unambiguously identify circumstellar disks such as those discussed here. Furthermore, according to Livio et al. (2005) , a circumstellar disk resulting from the merger of two white dwarfs would presumably have a much larger mass and radius in comparison with the disks currently known. Hence the expected NIR excess should also be large. Obviously, such large infrared excesses have not been detected in our 2MASS sample, and we conclude that massive circumstellar disks are uncommon around massive white dwarfs, in agreement with the conclusions reached by Hansen et al. (2006) based on Spitzer data. While our results constrain the scenario proposed by Livio et al. (2005) , the fraction of massive degenerates in our sample that are the product of white dwarf mergers is totally unknown. For instance, Dobbie et al. (2006) suggested that GD 50 (0346−011) is associated with the star formation event that created the Pleiades, and this massive white dwarf is most likely a former member of this cluster. Hence the authors find no need to invoke a double white dwarf merger scenario to account for its existence. Thus, massive circumstellar disks may not be expected in all cases studied here.
CONCLUSION
In order to estimate the reliability of the 2MASS photometry for white dwarf stars, we defined a sample of 160 cool degenerates with JHK magnitudes on the CIT photometric system taken from BRL97 and BLR01, and compared these values with those obtained from the 2MASS PSC. Our statistical analysis indicates that, on average, both data sets are consistent within the uncertainties, and thus that the 2MASS photometric data is appropriate for the study of white dwarf stars. The 2MASS data should still be interpreted with caution, however, especially for stars near the detection threshold, as significant discrepancies are to be expected.
We also concluded that the search for white dwarf and main-sequence star binaries based on 2MASS two-color diagrams is greatly limited by the 2MASS uncertainties when data below the level 1 requirements are considered. We demonstrated that some color regions identified by Wachter et al. (2003) and Wellhouse et al. (2005) to search for binary candidates are highly contaminated by single stars. We analyzed 47 binary candidates taken from the sample of Wachter et al. (2003) using the synthetic flux method and showed that this technique is a much more efficient tool for confirming binary candidates. We have also shown that the observed MIR photometry from the Spitzer Space Telescope agree very well with our model fluxes, a result that confirms the reliability of both the Spitzer photometry and our model atmosphere calculations up to 8 µm.
Finally, we searched for massive and large circumstellar disks, such as those predicted by Livio et al. (2005) , around 57 massive white dwarfs (M > 0.8 M ⊙ ). We showed that these systems would be clearly distinguishable from single stars in the 2MASS PSC, but such systems have not yet been identified in our analysis. Hence, high-mass circumstellar disks resulting from the merger of two white dwarfs must be uncommon around massive white dwarfs. We also showed that low-mass circumstellar disks such as those associated with G29-38, GD 362 and GD 56 are only barely identifiable except perhaps for the brightest level 1 white dwarfs in the 2MASS PSC.
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